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CORRELATIONS BETWEEN ULTRASONIC AND FRACTURE 


TOUGHNESS FACTORS IN METALLIC MATERIALS 


by Alex Vary 

National Aeronautics arid Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 


ABSTRACT 

A heuristic mathematical basis is proposed for the experimental correla- 
tions found between ultrasonic propagation factors and fracture tou^mess 
factors in metallic materials, A crack extension model is proposed wherein 
spontaneous stress (elastic) waves produced during microcracking are instru- 
mental in promoting the onset of unstable crack extension. Material micro- 
structural factors involved in this process are measurable by ultrasonic 
probing. Experimental results indicate that ultrasonic attenuation and velocity 
measurements will produce significant correlations with fracture tou^mess 
properties and also -yield strength. 

INTRODUCTION 

Strong incentives exist for developing nondestructive ultrasonic methods 
for evaluation of material properties such as fracture tou^mess (ref. 1). 

First, less ei^ensive alternatives would be available to complement and cor- 
roborate mechanical destructive tests. Second, nondestructive techniques 
would be available for use on structural materials or actual hardware to assess 
or verify mechanical strength properties. Third, from the standpoint of mate- 
rials science, continued ultrasonic studies should contribute to identification 
and analysis of factors that determine fracture toughness and thu^ aid in frac- 
ture control technology. 

Recent studies have yielded ejq)erimental evidence that nondestructive 
ultrasonic methods can be used to evaluate material fracture tou^iness proper- 
ties (ref. 2). The present study is based in part upon results reported in refer- 
ence 2. . The previous work demonstrated that ultrasonic attenuation and velocity 
measurements can be used to obtain an empirical correlation with fracture 
toughness properties. The purpose of the present paper is to suggest a heuris- 
tic basis for the empirical relations reported in reference 2. The material 
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presented should encourage further investigations and more rigorous formula- 
tions of the possible relations involved, 

A model (fig. 1) is proposed for the correlations that have been found be- 
tween ultrasonic propagation and fracture tou^mess properties of metallic 
materials. The model is based on stress (elastic) wave interactions during 
microcracking and void coalescence. (This discussion is limited to materials 
that fracture predominantly by void coalescence upon application of external 
stresses. ) In the model, the formation and coalescence of microcracks are 
presumed to be promoted by stress wave interactions. 

Equations are derived using ultrasonic quantities that are known to corre- 
late with material fracture tou^mess and yield strength, that is, a material' s 
ultrasonic attenuation coefficient and stress wave velocity. It is shown that the 
first derivative of the attenuation coefficient relative to frequency will correlate 
strongly with fracture tou^mess factors, for example, a material' s plane strain 
fracture tou^iness value. Experimental results are cited to demonstrate the 
mathematical correlations with 200 and 250 grade ntiaraging steels and a titanium 
alloy with the composition Ti-8Mo-8V-2Fe-3Al, 

SYMBOLS 

Fundamental SI dimensions appear in parentheses. 

O 

E Young's modulus, (N/m ) 

£ stress wave energy, (N/m) 

stress wave emission energy, J/m , (N/m) 
f frequency, MHz, (s~^) 

G„ critical energy release rate, (N/m) 

-3/Z 

K„ critical stress intensity factor, (Nih ) 
c 

-3/Z 

Kj^ plane strain fracture toughness, MPa^m, (Nm ) 
i microstructural spacing distance, y.m, (m) 

v^ longitudinal velocity, cm/pts, (m/s) 

a . attenuation coefficient, Np/cm, (m~^) 

/S attenuation slope, =do;/df, (s/m) 

attenuation slope at f = v^^/fi', /xs/cm, (s/m) 


3 


6 

6 ' 

6 _ 


w 


' 0.2 


attenuation slope at a = 1, ps/cm, (s/m) 

microfracture site dimension, pm, (m) 

critical grain/subgrain size, pm, (m) 

critical crack opening displacement, pm, (m) 

2 

initial stress wave amplitude, (N/m ) 

o 

stress wave amplitude, (N/m ) 
yield strength, (N/m ) 

0. 2 percent elongation yield strength, MPa, (N/m ) 


BACKGROUND AND APPROACH 


Fracture tougjiness is expressed as a critical stress intensity factor K^. 
It is related to the tensile modulus and critical "strain energy release rate" 
(refs. 1 and 3), 

= E' (1) 

The quantity E’ equals E (Young’s modulus) for plane stress and E/(I - 
for plane strain conditions, where v is Poisson' s ratio. The quantity G is 
related to yield strength cTy (ref. 3), 


°o = 


( 2 ) 


where 6 is called a "critical crack opening displacement" (ref. 3) and n is 
a numerical coefficient. The coefficient n incorporates strain and associated 
factors. To determine (the plane strain fracture toug^mess) a crack- 
notched specimen of suitable dimensions is loaded until the crack becomes un- 
stable and extends abruptly. 

During unstable crack growth, the stress wave propagation properties of 
the material are significant. Ultrasonic attenuation measurements gauge fac- 
tors that influence crack propagation and hence fracture toughness. A linkage 
among fracture toughness, ultrasonic attenuation, and wave propagation has 
been shown experimentally in previous studies (refs. 2, and 4 to 6). Stress 
waves (i. e. , acoustic emissions) in metals are emitted by dislocation motions, 
microcracking, etc. (refs. 4 and 5). Acoustic emission studies support the 
expectation that in high toughness materials the intensity of stress waves is 
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reduced by the ultrasonic attenuation properties of the material (ref. 6). 

Ultrasonic attenuation is given in terms of the attenuation coefficient. The 
total attenuation coefficient is the sum of the absorption attenuation coefficient 
and the scattering attenuation coefficient (refs. 7 and 8). The attenuation coef- 
ficient 0 ! is a function of ultrasonic frequency. Material micro structural 
variations will produce corresponding variations in the slope of the log a 
versus logf curve (refs. 2 and 7). According to reference 2, a material's 
fracture toughness will vary directly with /3, where ^ = da/d£. For the 
analytical treatment herein, the attenuation versus frequency relation will be 
taken as, 

or = cf“ (3) 

This form assumes that scatter attenuation dominates and that m and c can 
be considered constants over the frequency range of interest. 

The model (fig. 1) considers a solid under external load in which the pres- 
ence of a stress raiser (i. e. , imperfection, crack, notch, inclusion, etc. ) gives 
rise to a hi^ly stressed region. Let the load be just under that required to ini- 
tiate unstable crack propagation in the nei^borhood of the stress raiser or im- 
perfection. Either of two events can arise iqjon slight increase of the load 
First, microcrack nucleations will be initiated at various sites near the imper- 
fection but these will fail to coalesce due to barrier effects. Second, micro- 
crack coalescence will occur overcoming all barriers to rapid unstable crack 
extension. 

It is assumed that the spontaneous stress (elastic) waves emitted by the 
various nucleation (microfracture) events interact with other potential nucleation 
sites and thus tend to promote fracturing at these sites. The energy of these 
waves will also be dissipated in the medium between nucleation sites. The 
propagation and energy losses of the waves would be influenced by scatter atten- 
uation that occurs because of the presence of grain boundaries, inclusions, and 
other centers. 

The interaction and influence of ultrasonic elastic waves on crack propaga- 
tion has been well documented. By using shock stressing techniques, it has been 
shown that sustained crack growth occurs at times when the stress wave front is 
at the crack tip (ref. 9). Terminal crack speed is bounded by the stress wave' s 
propagation velocity. Since crack speeds are less than ultrasonic wave veloci- 
ties, stress wave reflections can interact with and influence the growth of a run- 
ning crack (ref. 9). It has been shown that imposition of ultrasonic waves will 
deflect a running crack in a predictable manner (ref. 10). Other studies have 


demonstrated the effect of stress wave fronts on brittle fracture (refs. 11 
and 12). 

MODEL AND DERIVATION 

Consider two small bounded domains (S) and (R) in a solid. These are po- 
tential crack nucleation sites near the tip of a sharp notch or crack. They share 
a common dimension 6 and are separated by a spacing £ as in figure 1. 

Let (S) and (R) represent two crystals, grains, or subgrains in a polycrys- 
talline solid. They are imbedded in an assumed stress field, 0 £, that arises 
because of an externally applied load. Let (S) be the source of a stress wave 
that impinges on (R) as a result of a fracture in (S). The. stress wave emitted 
by (S) is represented in figure 1 by the velocity v and stress wave amplitude 

CT-,. The arrival of the wave at (R) increases the stress field locally by a. 

X w 

The magnitude of will be determined by attenuation which in turn will depend 
on the number and size of (grain) boundaries encountered by the stress wave be- 
tween (S) and (R). If the wave is attenuated like any ultrasonic wave, then its 
amplitude at (R) where x = fi, can be taken as, 

% = C4) 

where, t] is a numerical factor >0 and <1 that accounts for wave front geome- 
try (and taken here as being about 1). The quantity cr^ is the initial stress am- 
plitude at (S) and a is the attenuation coefficient characteristic of the material. 
In view of the results repjorted in reference 2, we first form an expression 

O 

that relates the fracture toughness factor and the ultrasonic factor 

where the factor v/3^ is based on a particular ultrasonic frequency. It will be 
seen that a material' s grain size is an important parameter to be used in deter- 
mining this ultrasonic frequency. 

Let the stress Wave energy required to create a microcrack of "diameter" 

6 in (R) be (ref. 13), 

£ = Trdcr^E' (5) 

By fracturing (S) becomes the source of a broadband stress wave pulse. The 
wave arrivuig at (R),a^, will therefore contain an energy distribution corre- 
sponding to the component frequencies (ref. 4). The derivative of this energy 
with respect to wavelength A. is, 
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d£ /dX = 2tto^5II v/3/ E’ X^ (6) 

where equation (6) is obtained by recalling that = da/df and df/dX = -v/}T, 
The component wavelengths will be scattered depending on the X to 6 ratios. 
The energy loss by Raylei^ scattering of the stress wave on reaching (R) is, 


£ 


2nafMv/E 

w 



03/X^)dX 


(7 a) 


or, 

= (27ro-^/E‘) (v^g/m) (7b) 


The integration was performed by taking cr,„ and v as material constants. 
The quantity cr^ is the critical stress increment required to initiate crack 
nucleation in (R) given the static field stress cr^. hi equation (7b) /?g is /? 
evaluated at the frequency corresponding to x = 6. The limits of integration 
cover all wavelengths susceptible to Raylei^ scattering, that is, X > 6. The 
lower limit 5 is the criterion for stochastic scattering. It is assumed that 
only wavelengths less than 6 will interact strongly with the medium from (S) 
to (R). 

At the onset of unstable crack growth, the region around (S) and (R) is 
loaded with a specific energy represented by '(ref. 1). This energy in- 

put is accompanied by a sudden displacement in the direction of loading. This 
displacement can be taken as 5^, as measured by a COD (crack opening dis- 
placement) gauge for example (ref. 3). It is also accompanied by acoustic 
emissions, that is, stress wave emissions (ref. 5). The largest portion of the 
stress wave energy will be dissipated in the immediate vicinity of the sources 
such as (S) and (R) by stochastic scattering and absorption. Only the longer' 
wavelengths X > 5 appear as acoustic wave emissions beyond this region. 

The latter is the energy radiated away and is represented by g in equation 
(7b). It is a small fraction of Thus is set equal to 

(K^/cXy)^ - N27ra|n6^£ (V|8g/m) (8) 


where N » 1 and equation (8) is obtained by noting that E' in equation (7b) is 

O ^ 

equal to K„/n5^CT„ by combining equations (1) and (2). The relation between the 
c c y rt 

fracture toughness factor Y jij and the ultrasonic factor vjS^/ra is, therefore. 
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^l/<ry = nvl3Q/m)^-^ (9) 

In practice we can take as the plane strain fracture toughness Kj^ and 
Uy as the 0. 2 percent yield strength Uq g* Note that Uq g is related to Kj^ 
in that it corresponds to the onset of plastic deformation just as Kj^ corre- 
sponds to the onset of rapid fracturing. The longitudinal ultrasonic velocity 
will be used for v in v/3g. The quantities v^, (3^, and m are obtained by 
measurements such as those described in reference 2, Equation (9) can then be 
written in terms of the above-mentioned quantities; 

The quantity, 

4 > = (27rNn6^je)®- ^ (11) 

can be estimated by specifying particular materials and test conditions. In the 
next'section under DISCUSSION it will be seen that the relation in equation (10) 
agrees with experimental observations. 


DISCUSSION 

We can assign approximate "ballpark" values to the factors that constitute 
the quantity if) (eq. (11)). The procedure will be to determine the bounds on ip 
and to show that the available experimental data falls within these bounds. By 
this procedure, it will be seen that equation (10) is a valid relation between 

^ic/°'o.2 

Data for plotting Kj ^/ ctq g versus v^ /Sg/ m are listed in table I for mate- 
rials for which appropriate experimental values are available: a 200 and a 250 
grade maraging steel and a titanium alloy. The quantity was calculated 
from mc(Vjj/\)™“^ where X is set equal to a critical grain size dimension 5'. 
This critical dimension 5' is based on measurement of grain or subgrain sizes 
of the various specimens by metallographic techniques. The approach adopted 
for determining 5' is that of finding the dimension that best characterizes the 
size of potential crack nucleation sites. It is assumed that this should be the 
average size of the most abundant grains, their boundaries, or inclusions. 

For example, the titanium alloy specimens exhibited an orderly grain structure 
(fig. 2(a)). The typical grain size distribution for this material is shown in 
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figure 3. In the titanium alloy the average size varied from 59 to 64 microme- 
ters. The 200 and 250 grade maraging steel specimens exhibited a somewhat 
chaotic grain- subgrain structure (fig. 2(b)). For these materials the mean sub- 
grain boundary or lath spacing was taken as 5' giving values ranging from 8 to 
14 micrometers. The value of 6' for each specimen is listed in table I. These 
measurements of 5' were made in accordance with the intercept method pre- 
scribed in ASTM Standard E-112 (ref. 14). 

It mi^t be noted that the metallo graphic method for determining the critical 
grain size is not the only possible method for finding this important quantity. 

For the materials studied there is a correlation between velocity v^^ and 6' , as 
is shown in figure 4. The relations in figure 4 can therefore be used to ultrason- 
ically confirm the 5' values obtained by metallographic measurements. 

The experimental data for 2 v^jS^/m are plotted in fig- 

ure 5, A curve for the data as determined by linear regression is given by,' 

2 = (^ 2 ) 

Coplotted in figure 5 are the boundary values of ip based on the estimations 
given in the appendix: ^ = 4. 5 to 21 MJ/m . It is evident that and 

Kj^/Oq 2 correlate well irrespective of the materials involved. A single curve, 
as in figure 5, seems to fit the data, at least over the range of ejqjerimental 
values available. The slope of this curve agrees closely with that indicated by 
equation (10), that is, the exponents on v^/Sg/m in equations (10) and (12) are 
approximately the same. The outer bounds on ip are seen to encompass the 
experimental data. 

The experimental results of reference 2 also suggest a linear relation of 
the form. 


^o 2 '^^Ic ®^i ~ ^ 

where A, B, and C are dimensional constants. Note that the terms in equa- 

O 

tion (13) will have the dimensions of specific energy (e. g. , J/m ) if each is 
multiplied by a characteristic length such as 6. The quantities A, B, and C 
will assume different values according to .the material involved. The ultrasonic 
factor is evaluated at the frequency for which a = 1. (In ref. 2 it was found 
that eq. (13), holds if appears in the third term. ) 

The experimental relations given in reference 2 are as follows: 


For the 200 grade maraging steel. 


cTq 2 + ■ 17x10^ 13 ^ = 1470±20 (14a) 

For the titanium alloy (Ti-8Mo-8V-2Fe-3Al), 

(Tq 2 - 8. + 8. 1x10^ = 1200±13 (14b) 

The values of A, B, and C in equations (14a) and (14b) are based on data that 
appear in table I. 

The coefficient of Kj^ in equation (14) or A in equation (13) will be posi- 
tive or negative depending on the mode of fracture. (The algebraic sign of B 
will be opposite that of A. ) According to data presented in reference 2, if the 
fracture is predominantly ductile as in the 200 grade maraging steel, then A 
will be positive. If brittle fracture predominates as in the titanium alloy, then 
A will be negative. This may depend upon the residual strain in the crack nu- 
cleation sites or whether the crack nucleation sites are energy "sources” or 
"sinks" during fracture. 

The experimental curves of equations (14a) and (14b) are plotted as Uq 2 
versus a in figure 6(a), where, the quantity a = + (A/B)Kj^. The 0- 
intercept values of the two curves in figure 6(a) correspond to C. Figure 6(b) 
is a conventional plot of Uq g versus Kj^. 

The foregoing observations indicate that nondestructive ultrasonic measure- 
ments can be used to deduce fracture toughness and yield strength values by 
simultaneous solution of pairs of equations, such as equations (10) and (14a), if 
the ultrasonic factors and v^^ m are known. Other data would be needed 
to evaluate the latter factor, for example, the material and its critical micro- 
properties such as the value of 6'. Ultrasonic methods such as those described 
in references 2 and 7 can produce this additional information. For the mate- 
rials involved in this study it happened that the critical grain size as measured 
from photomicrographs resulted in a correlation with velocity, see figure 4. 

It thus appears that all the essential information for determining fracture tough- 
ness and yield strength can be obtained by purely ultrasonic measurements. 

Current technical literature indicates the need for analytical treatments of 
fracture processes that are based on stress wave dynamics (refs. 9 to 12, 15, 
and 16). More emphasis should be given to the current research in crack exten- 
sion dynamics under the influence of both spontaneous (internal) and externally 
introduced stress waves. In situ ultrasonic monitoring of unstable crack initia- 
tion (ref. 17) should play a significant role in future investigations. In the past. 
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a material’s fracture tou^mess has been based on concepts that involve essen- 
tially static situations. It has now been demonstrated that considerably more 
insist can be gained by ultrasonic interrogation of materials, especially under 
dynanaic conditions. As indicated by the results herein, key material properties 
such as fracture toughness and yield strength are closely linked to ultrasonic 
wave propagation properties. 


CONCLUSIONS 

It has been shown that fracture toughness and yield strength are functions of 
ultrasonic stress wave propagation factors in polycrystalline metallic materials. 
It can be inferred that spontaneous stress waves generated during crack nuclea- 
tion processes play an active part in promoting the onset of rapid unstable crack 
extension. In the model proposed herein, the formation and coalescence of mi- 
crocracks are presumed to be promoted by stress wave interactions at potential, 
crack nucleation sites. Agreement was found between the proposed model and 

t 

ejq)erimental results. 

Nondestructive ultrasonic measurements correlate with fracture properties 
and these measurements can aid significantly in identifying factors that influence 
catastrophic crack propagation in metallic noaterials. Fracture control technol- 
ogy should benefit by the use of nondestructive ultrasonic measurements of mate- 
rial microstructure properties that influence stress wave propagation and inter- 
actions. 

The following conclusions can be drawn from the agreement found between 
the mathematical model and experimental data discussed in this paper: 

1. There appears to be support for inferring that during the onset of rapid 
unstable crack growth, spontaneous stress waves interact with and promote 
crack nucleation ahead of the crack front. 

2. Fracture toughness and yield strength are closely linked to the ultra- 
sonic stress wave propagation properties of polycrystalline metals. 

3. It is possible to rank material fracture tougjmess and yield strength by 
ultrasonic velocity and attenuation measurements, 

4. Essential measurements for deducing fracture toughness and yield 
strength can be made by purely ultrasonic techniques once calibration curves 
have been established for a material. 


APPENDIX- ESTIMATION OF "i/»" 


The quantity n in the e?q)ression for ip (eq. (11)), equals 2 for plane 
strain conditions (ref. 3). The quantities N, 6_, £, and cr,„ are assigned 
values characteristic of the materials listed in table I, that is, 200 and 250 
grade maraging steel and the titanium alloy Ti-8Mo-8V-2Fe-3Al. These are 
the materials for which appropriate ejq)erimental data are available from refer- 
ence 2. 

Various measurements and estimates of acoustic emission energies (denoted 

2 

as £ .) have been made and are of the order 800 to 900 j/m (ref. 18). Expert- 

0 rt 

mental values of o such as those in reference 2 indicate that the ratio 

rt XC V • w 

of Kj^/oq 2 to J^g(i. e. , N) ranges from approximately 1. 0x10 to 1. 3x10 . 

The same approximate range for N can also be inferred from equation (14); 

0. 81x10'^ to 1. 7x10^. 

The critical crack opening displacement 6^ for the materials mentioned 

ranges from 9 to 23 micrometers. It is calculated by solving for 5 between 

c 

equations (1) and (2) and substituting appropriate values for Oq 2 » 

The spacing dimension f is of the order of the average grain boundary 
spacing or greater. An estimate for £ gives £ = 30 to 120 micrometers. 

This corresponds to from 2X to 3X the mean grain diameter. These values 
for £ are determined from metallographic examination of the materials men- 
tioned previously, see table I and the DISCUSSION section concerning the criti- 
cal grain size 5 ' . 

The stress wave amplitude is taken as oq 2 * Based on the values of 

3 ' 3 

a^ . o in table I, this gives a a range from 1, 1x10 to 1. 4x10 MPa. Using 
u . 4 w 

the above- assumed values for the quantities n, N, 6., £, and (7„„ the esti- 
mated outer bounds on ip are 4. 5 to 21MJ/m'^. 
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TABLE I. - CHARACTERISTICS OF FRACTURE TOUGHNESS ULTRASONIC SPECIMENS^ 


Specimen 

Tougliness factors*’ 

Ultrasonic (stress wave) factors*’ 

Critical 

grain 

size, 

6', 

pm 

Yield 

strength, 

‘’0.2 

MPa 

Fracture 

toughness, 

**10. 

MPa'^^ 

n 

Energy 

factor, 

*^lc^'’0. 2> 
Mj/m^ 

Elastic'* 

velocity, 

cm/ps 

Attenuation curve 
parameters . 

Attenuation factors 

h- 

ps/cm 

Vj^g/m 

c 

m 


1320 

(113) 

9.67 

0.564 

2.22x10*^ 

2.061 

0. 1063 

0.787 

WM 

2-200 

1430 

,98. 1 

6.73 

.563 

3.46x10'^ 

1. 896 

.0955 

.449 

■■ 

3-200 

1430 

92.3 

5.96 

.564 

5.28x10"^ 

1.760 

.0894 

.284 

14 

4-200 

1330 

103 

7.98 

.564 

2.02x10"^ 

2.024 

.0944 

.494 

15 

5-200 

1210 

(110) 

9.98 

.558 

7.75x10'“* 

2.255 

.0941 

.794 

14 

*1-250 

1400 

118 

9.94 

0.546 

3. 81X10'® 

2.595 

0.0514 

0.626 

8.5 

2-250 



117 

9.77 

.543 

2.62x10'® 

2.661 

.0505 

.650 

8.5 

3-250 



139 

13.8 

.556 

1.41x10'® 

2.996 


1.40 

13 

4-250 



146 

15.2 

.556 

1.56x10'® 

3.034, 


. 1.95 

13 

®1-Ti 

1075 

53.7 

2.68 

0.576 

4. 38x10'^ 

1. 123 

0.0693 

0.0441 

61 

2-Ti 

1370 

51.0 

1.90 

.590 

3.98x10'® 

1.437 

.0307 

.0170 

64 

3-Tl 

1230 

59.9 

2.92 

.591 

2. 27x10'^ 

2.248 

.0538 

.0373 

65 

4-Ti 


70.0 

4.52 

.586 

5.63x10'® 

2.803 

.0854 

.117 

63 


^All data Is taken from ref. 2 with the exception of the last two columns. The factor Vj/3g/m was calculated 
from the critical grain size 6' . The quantity 5' was determined in accordance with the discussion given 
in the text. 

'’Yield strengths are 0. 2 percent elongation values. Fracture tou^ess values are for plane strain condi- 
tions. Conditional (less precise) values are in parentheses. 

°The attenuation versus frequency characteristic curve parameters from ref. 2 are used to calculate 
jSj - mo^'^™ and / 3 g = mc(Vj/6')®”'-, see eq. (3). 

'^Longitudinal wave velocity was measured at a center frequency of approximately 30 MHz. 

®200- grade managing steel, cold rolled 50 percent and aged 8 hr at temperatures ranging from 700 to 811 K. 

f 

250- grade managing steel, annealed at 1090 K, air cooled, and aged 6 hr at temperatures ranging from 
672 to 838 K. 

®Tltanlum-8Mo-8V-2Fe-3Al, solution heat treated at 1144 K for 1 hr, water quenched, and aged 8 hr at- 
temperatures ranging from 700 to 867 K. 



Figure 1. - Diagram of fracture model. "Grains" (S) and 
(R) are imbedded in a matrix subjected to a local static 
stress field of magnitude Oj. A stress wave of initial 
amplitude Og and velocity v is emitted from (S). The 
distance between (Stand (Rl is £ and "grain" size is 6. 
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Figure 3. - Typical grain size distribution for 
titanium all(^ Ti-2Mo-8V-2Fe-3AI. Sample 
population was 3S5. 


O 200-GRADE MARAGING STEEL 
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CRITICAL GRAIN SIZE. 6', pm 

(a) MARAGING STEELS. (b) TITANIUM ALLOY. 

Figure 4. - Correlation of ultrasonic velocity and critical 
grain size for two maraging steels and a titanium alloy. 
Velocity measurement was at a center frequency of 
approximately 30 MHz. 


\L 




1 :^ 




Figure 5. - Correlation of ultrasonic factor 
VjPg/m and fracture toughness factor 
K^/og 2 fof tfir®* metals. The experi- 
mentaf curve is based on eq. U2) and 
data rn table L The outer bounds on ip 
are based on the estimates in the ap- 
pendix and an exponent of 0. 5, eq. (10). 


O Ti-8Mo-8V-2Fe-3AI 
O 200 (KADE MARAGING STEEL 



(a) YIELD STRENGTH VS THE (b) CONVENTIONAL PLOT OF 
QUANTITY a =■ Pi + YIELD STRENGTH VS 

(A/B)Kjj. SEEEQ. (14). RACTURE TOUGHNESS. 

Figure 6. - Correlation of yield strength to fracture toughness 
for a titanium aiioy and a maraging steei (from ref. 2). Refer 
to table I for experimental data for cg 2 . Kij. ^nd Pi. 
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